Changes in pathogen genetic variation within hosts alter the severity and spread of infectious diseases, with important implications for clinical disease and public health. Genetic drift may play a strong role in shaping pathogen variation, but host-pathogen models that describe the effects of drift typically focus on dynamics only within hosts or only between hosts, while models that incorporate drift at both scales oversimplify pathogen ecology in other ways. We used whole-genome sequencing to quantify variation within 143 field-collected gypsy moth larvae infected with a baculovirus and we compared the ability of different host-pathogen models to explain differences in variation across hosts. A model in which drift acts during transmission bottlenecks and during pathogen growth within hosts accurately reproduces the data, whereas models that neglect or simplify drift fail to explain the data. Our results illustrate the usefulness of mechanistic ecological models in explaining pathogen evolution.
Introduction
Pathogen genetic variation can have important consequences for human health, in both clinical and epidemiological settings (Alizon et al. 2011) . In particular, high variation within hosts can lead to severe disease symptoms within individuals, and rapid disease transmission within populations (Read and Taylor 2001; Vignuzzi et al. 2006 ). An understanding of the mechanisms determining pathogen variation might therefore lead to novel interventions, reducing the toll of infectious diseases. Development of such an understanding requires quantification of the effects of population processes on pathogen genetic variation.
Models relating population processes to pathogen genetic variation, however, often greatly simplify pathogen biology. Selection-mutation models, for example, often assume that pathogen populations are effectively infinite (Lorenzo-Redondo et al. 2016) . Models that allow for finite pathogen population sizes typically neglect pathogen population processes either within hosts in acute infections (Koelle et al. 2006) or between hosts in chronic infections (Pennings et al. 2014) . Models that attempt to capture both of these scales of disease dynamics have assumed either that pathogen population growth within hosts is very simple, with no effects of the immune system (Klinkenberg et al. 2017; Leonard et al. 2017) , or that pathogen bottlenecks at transmission are complete (Ypma et al. 2013; Didelot et al. 2014; Klinkenberg et al. 2017) , so that every infection begins as a clonal lineage. These simplifications might strongly alter conclusions about the effects of genetic drift on pathogen diversity, and indeed have been highlighted as some of the key challenges of phylodynamic inference (Frost et al. 2015) .
Genetic drift is a change in an allele's frequency due to the chance events that befall individuals. The effects of drift are thus strongest in small populations, in which a few events can have a large impact (Nagylaki 1992) . The high population sizes typical of severe infections have led some authors to argue that drift has little effect on pathogens (Kouyos et al. 2006; Maldarelli et al. 2013 ), but pathogen population sizes typically fluctuate by several orders of magnitude over the course of an infection. It therefore seems likely that, when pathogen populations are small and variable, pathogen genetic variation will be strongly affected by drift.
Indeed, analyses that allow for finite population sizes have shown that drift has at least weak effects on some pathogens (Pennings et al. 2014) .
New infections are typically initiated by small pathogen population sizes within hosts (Gutiérrez et al. 2012 ), leading to bottlenecks at the time of transmission that may drive genetic drift. Pathogen population sizes within hosts can also remain small for substantial periods following exposure (Kennedy et al. 2014) . In small populations, chance events such as the timing of reproduction can strongly influence population growth (Kennedy et al. 2014 ), an effect known as "demographic stochasticity" (Kot 2001) . When the effects of demographic stochasticity are strong, chance may allow some virus strains to replicate and survive while others go extinct, providing a second source of genetic drift that we refer to as "replicative drift". Note that we use the term "strain" here and throughout to mean a population of virus particles that are identical to each other in their genetic sequence.
Many previous studies of genetic drift in pathogens have focused only on population processes that operate within hosts, either during experiments with model organisms, or during the treatment of human patients (Abel et al. 2015) . Pathogen variation in nature, however, is also affected by processes that operate at the host population level, such as fluctuating infection rates during epidemics (Grenfell et al. 2004 ). Studies of Ebola (Azarian et al. 2015) and tuberculosis (Lee et al. 2015) , for example, have shown that variation at the population level cannot be explained by natural selection, which means that variation must instead be due to neutral processes that presumably include genetic drift.
Genetic drift in pathogens may thus be driven by population processes at multiple scales.
These multiple scales can be incorporated into a single framework by constructing "nested" models, in which sub-models of within-host pathogen population growth are nested in models of between-host pathogen transmission (Mideo et al. 2008) . The computing resources necessary to analyze such complex models have only become available recently, however, and so it has not been clear whether sufficient data exist to test nested models of drift . Indeed, even for models that assume that population size effects are constant across hosts, robust tests of the model predictions require both genetic data and mechanistic epidemiological models (Didelot et al. 2014 ), a combination that is rarely available. Whether nested models can be of practical use for understanding pathogen genetic variation in nature is therefore unclear.
For baculovirus diseases of insects, pathogen population processes have been intensively studied at both the host population level (Elderd 2013) , and at the individual host level (Kennedy et al. 2014) . Baculoviruses cause severe epizootics (= epidemics in animals) in many insects (Moreau and Lucarotti 2007) , including economically important pest species such as the gypsy moth (Lymantria dispar) that we study here (Woods and Elkinton 1987) . Collection and rearing protocols for the gypsy moth have long been standardized (Elkinton and Liebhold 1990) , and so previous studies of the gypsy moth baculovirus have produced statistically robust estimates of the parameters of both within-host (Kennedy et al. 2014 ) and between-host (Fuller et al. 2012; Elderd et al. 2008 ) models. Moreover, collection of large numbers of virus-infected individuals is straightforward (Woods and Elkinton 1987) , making it possible to use high-throughput sequencing methods to characterize pathogen diversity across many virus-infected hosts. Here we therefore use a combination of whole-genome sequence data and parameterized, nested models to quantify the effects of genetic drift on the gypsy moth baculovirus. We show that a mechanistic model of genetic drift can explain variation in this pathogen, but only if the model takes into account the effects of drift at multiple scales of biological organization.
Our work differs from previous efforts to understand genetic variation in pathogens in that we explicitly allow for within-host population dynamics, including nonlinear effects of the host immune system. Previous work has attempted to infer rates of disease transmission from "phylodynamic" models, which infer disease demography and pathogen evolution from genetic data (Grenfell et al. 2004 ). Here we instead begin with an existing population process model that has already been fit to epidemiological data, and we use it to predict pathogen genetic data. We are thus testing the extent to which disease demography can be used to predict neutral pathogen evolution.
Materials and Methods
Like many insect baculoviruses, the gypsy moth baculovirus is transmitted when larvae accidentally consume infectious particles known as "occlusion bodies" while feeding on foliage (Elderd et al. 2008 ). If the virus population resulting from the consumption of occlusion bodies reaches a sufficiently large size during within-host growth, the larva dies, releasing new occlusion bodies onto the foliage. Occlusion bodies on foliage are then available to be consumed by additional conspecifics (the virus is species specific (Moreau and Lucarotti 2007) ), leading to very high infection rates in high density populations (Woods and Elkinton 1987) .
Genetic drift in the gypsy moth baculovirus can therefore be affected by population processes at multiple scales, including within individual hosts and across the host population.
As is often the case for pathogens, exposure to baculovirus results in an initial population of only a few occlusion bodies (Zwart et al. 2009 ), and the population size in the host remains small for a substantial period of time following exposure (Kennedy et al. 2014) . Our models of pathogen growth within hosts therefore track population sizes from the initial population bottleneck through the stochastic growth of the pathogen population, until death or recovery.
Our models thus explicitly include genetic drift ( fig. 1 ).
Our within-host models are based on birth-death models (Kot 2001) , which describe probabilistic changes in population sizes over time. In birth-death models, the probability of a birth or a death in a small period of time increases with the population size (Renshaw 1991) .
When the population size is small in a birth-death model, it is possible for extinction to occur due to a chance preponderance of deaths over births, even if the per-capita birth rate exceeds the per-capita death rate. Birth-death models are thus well suited to describe the demographic stochasticity that underlies replicative drift.
In our within-host birth-death model, pathogen extinction is equivalent to the clearance of the infection by the host. If the pathogen does not go extinct, its population eventually becomes large enough that the effects of stochasticity are negligible, leading to host illness when the population reaches an upper threshold (Saaty 1961) , or death in the case of baculoviruses.
In traditional birth-death models, which include only linear effects of population size (Kot 2001) , each virus particle has a constant probability of reproducing or dying. In previous work, however, we showed that linear models are insufficient to explain data on the speed of kill of the gypsy moth baculovirus, whereas models that allow for nonlinearities due to the immune system produce a better explanation for the data (Kennedy et al. 2014) .
Our within-host model thus describes the outcome of a process that begins with the insect's immune system releasing chemicals that active the phenol-oxidase pathway. This release causes virus particles to be encapsulated and destroyed by host immune cells, and it also incapacitates the immune cell (Ashida and Brey 1998; Trudeau et al. 2001) . Our models thus follow standard predator-prey-type immune-system models (Alizon and van Baalen 2008) , in which the pathogen is the prey, and the immune cells are the predator, except that here the immune cells do not reproduce over the timescale of a single infection. The pathogen population in the model may then be driven to zero because of interactions with the host immune system, or it may persist long enough to overwhelm the host immune system, leading to exponential pathogen growth and eventual host death. The particular outcome that occurs depends on the initial pathogen population size and on demographic stochasticity during the infection.
The initial pathogen population size within a host follows a Poisson distribution (fig. 1 (Kennedy et al. 2014) ). If the infecting cadaver is comprised of multiple strains, the model draws an initial population size for each of the strains from a multinomially distributed random variate, such that the probability of sampling a particular strain from the infecting cadaver depends on the frequency of that strain in the cadaver. This process creates a transmission bottleneck. Next, the model tracks the population size of each virus strain over the course of the infection. Changes in the relative frequencies of these strains over time creates replicative drift. The host dies when the total pathogen population size from an exposure exceeds an upper threshold. The frequency of virus strains at the time of host death then determines the frequency of strains in the newly generated cadaver.
We model pathogen dynamics at the scale of the entire host population first by using a stochastic Susceptible-Exposed-Infected-Recovered or "SEIR" model to describe epizootics (in our case the infected I class consists of infectious cadavers in the environment, which we symbolize as P for the pathogen). Our SEIR model is modified to allow hosts to vary in infection risk, an important feature of gypsy moth virus transmission (Dwyer et al. 1997; Elderd et al. 2008) , and to allow exposed hosts to be re-exposed, because infected gypsy moth larvae continue to consume foliage until shortly before death (Eakin et al. 2014) . For computational convenience (Wearing et al. 2005) , most SEIR models assume that the times between hosts becoming exposed and becoming infectious follow a gamma distribution (Keeling and Rohani 2008) . We instead allow the speed of kill to be determined by our within-host model, so that the within-host model is nested inside the stochastic SEIR model. As in the within-host model, the frequency of different virus strains at the population scale can drift due to chance events, such as the exposure of hosts to one cadaver and not another. Our between-host model therefore adds an additional source of drift to our nested models, in addition to the transmission bottlenecks and replicative drift that occur in the within-host model.
Over longer time scales, gypsy moth populations go through host-pathogen population cycles, which in the gypsy moth and other forest defoliators lead to outbreaks that are terminated by the baculovirus (Moreau and Lucarotti 2007) . The resulting predator-prey-type oscillations drive gypsy moth outbreaks at intervals of 5-9 years ((Dwyer et al. 2004) , we neglect the effects of the gypsy moth fungal pathogen Entomophaga maimaiga, which was having only modest effects in our study areas in Michigan and Wisconsin, USA, when we collected our samples).
Between insect outbreaks, virus infection rates are very low (Elderd et al. 2008) , which may strengthen the effects of genetic drift.
In constructing models that allow for long-term dynamics, it is important to note that gypsy moths, like most outbreaking insects (Hunter 1991) , have only one generation per year, and therefore have only one epizootic per year. We thus nest our within-host/SEIR-type model into a model that describes host reproduction and virus survival after the epizootic (fig. 1 ). The SEIR model determines which hosts die during the epizootic and which virus strains killed those hosts. This information is used in a set of difference equations that describes the reproduction of the surviving hosts, the survival of the pathogen over the winter, and the evolution of host resistance, an important factor in gypsy moth outbreak cycles (Dwyer et al. 2000; Elderd et al. 2008 ).
By explicitly tracking the dynamics of individual hosts and pathogens, our model inherently includes the effects of genetic drift. If our models were to fail to explain the pattern of diversity seen in our data, other sources of evolution, such as mutation, migration, or pathogen natural selection, would have to be added to the models. Because we wanted to test whether genetic drift alone can provide a sufficient explanation of pathogen genetic data, however, we did not initially include these other evolutionary forces. Regardless, mutation rates are very low in double-stranded DNA viruses like baculoviruses (Rohrmann 2008) , while previous work has shown that there are only minimal effects of spatial structure on the diversity of the gypsy moth baculovirus (Fujita 2007) . In neglecting selection, we followed a standard approach from population genetics in which models that include only neutral forces are used as null hypotheses (Orr 1998) , because sufficiently complex models of selection can explain almost any data.
To test whether the different sources of drift in our model are actually necessary to explain the data, we created two alternative models that simplified the effects of genetic drift, and we compared the predictions of all three models to data. For the first alternative model, we simplified the effects of genetic drift by assuming that the relative frequencies of different virus strains within a host did not change during pathogen population growth within hosts. To do this, we altered the model output such that the relative frequencies of virus strains released from a host upon host death were equal to the relative frequencies of virus strains just after the transmission bottleneck, thereby eliminating the effects of replicative drift (Fig. 1) . For the second alternative model, we further simplified the effects of drift by assuming that the relative frequencies of virus strains at the end of an infection were the same as their relative frequencies in the infectious cadaver that initiated the infection, thereby eliminating both replicative drift and transmission bottlenecks ( fig. 1 ). Note that with the exception of virus strain frequencies, the host-pathogen dynamics are identical between these three models.
We tested our models using data on pathogen genetic variation across field-collected gypsy moth larvae. We collected larvae in outbreaking gypsy moth populations in Michigan and Wisconsin between 2000 and 2003, and we reared the larvae until they pupated or died of infection (Woods and Elkinton 1987) . We used Illumina technology to sequence viral DNA from 143 infected larvae, and we mapped these reads to a reference genome (Kuzio et al. 1999) using "bowtie2" (Langmead and Salzberg 2012) (Supplemental Information). We summarized genetic variation using mean nucleotide diversity (Nei and Li 1979) , the probability that two randomly selected alleles at a single nucleotide polymorphism ("SNP") are different (Supplemental Information).
Results
The sequence data revealed substantial variation in the virus populations between hosts. We found 712 SNPs that segregated at the between host scale (alternative variant was the consensus in more than 4% of hosts), corresponding to approximately 0.4% of the genome. These 712 sites were polymorphic in some hosts but not others, which might occur if some hosts were exposed to multiple strains of virus, while others were exposed to only a single strain. The mean nucleotide diversity of the baculovirus averaged over these 712 sites ranged from 0.002 to 0.284 (mean= 0.072, s.d.= 0.077). Carrying out out the same calculation across the entire genome, while excluding these 712 sites, showed that polymorphism is vastly lower at the remaining sites (range= 0.001 to 0.003, mean= 0.001, s.d.< 0.001, Supplemental Information).
These patterns suggest that pathogen diversity within hosts is most likely acquired from the exposure of host insects to multiple virus strains rather than than from the generation of de novo mutations. If de novo mutation were creating high levels of diversity within hosts, we would expect to also see polymorphism spread across sites that were not polymorphic at the population level. Immune-system mediated diversifying selection is also an unlikely explanation, because insects lack clonal immune cell expansion (Vilmos and Kurucz 1998) , and in any case, immune cell expansion would not explain why some hosts have substantially more pathogen diversity than others. Negative correlations between host families in susceptibility to different pathogen genotypes constitute yet a third unlikely explanation, because in the gypsy moth such correlations are almost always positive (Hudson et al. 2016 ). Migration of virus or infected larvae from nearby locations with different virus strains similarly cannot explain the data, because population structure in the gypsy moth virus is minimal (Fujita 2007) .
Genetic drift, however, can explain the data, but only if we allow for effects of population processes at multiple scales of biological organization. To see why, we first describe the qualitative behavior of our model at each scale. We then show that only the model that includes effects of drift at multiple scales can explain the data.
Simulations of our within-host model show that the combination of transmission bottlenecks
and replicative drift can substantially reduce pathogen diversity within hosts ( fig. 2A-C) .
Demographic stochasticity, which can be seen as jaggedness in the lines, is strongest shortly after exposure when the pathogen population size is small. This stochasticity generates variability in the time to host death, and it also drives replicative drift. Similar effects occur in the corresponding linear birth-death model (Supplemental Information), but comparison of the two models makes clear that the immune system substantially slows the growth of the virus population early in the infection. By slowing pathogen population growth, the immune system strengthens the effects of replicative drift.
Overwintered virus infects hatchlings during the initial emergence of hosts from eggs, an effect that is apparent in our simulations of the epizootic model ( fig. 2D-E) . After the overwintered virus decays, there is a short period when cadavers are rare, such that the vast majority of virus is present only within exposed larvae. When these larvae die, the virus that they release is transmitted to new larvae feeding on foliage. Note that the relative frequencies of different virus strains consumed by larvae during this time can fluctuate strongly due to the drift that occurs when cadavers are rare. Low densities of cadavers can thus alter the relative frequency of strains within hosts. In the figure, the initial host population consists of more than 10,000 hosts, reflecting the high densities at which baculovirus epizootics occur in insect populations in nature (Moreau and Lucarotti 2007) . Demographic stochasticity nevertheless influences the composition of virus strains near the end of the epizootic, when the pathogen population begins to die out, in turn allowing drift to influence which virus strains cause infections within hosts.
Over longer time periods, fluctuations at the population scale ( fig. 2F ) produce host-pathogen cycles that match the dynamics of gypsy moth outbreaks in nature (Dwyer et al. 2000; Elderd et al. 2008) . These large fluctuations can drive changes in the relative frequency of pathogen strains, especially when pathogen population sizes and overall infection rates are at their lowest in the troughs between host population peaks. Host-pathogen population cycles in our model thus further strengthen the effects of genetic drift on the pathogen.
Our combined model therefore shows that population dynamics across multiple scales provide opportunities for drift to act both within and between hosts, and at time scales ranging from hours to decades. To test whether population bottlenecks and replicative drift in particular have important consequences on pathogen genetic diversity, we compare the fit of the full model and the models lacking these factors to our sequence data. This comparison shows that only the model that includes both replicative drift and bottlenecks can explain the data (fig. 3) . The model that includes only drift at the host-population scale predicts within-host diversity levels that are much higher and much less variable than in the data. The model that includes population-scale drift and bottlenecks but not replicative drift correctly predicts that there will be substantial variation across hosts, but also predicts diversity levels that are much higher than in the data. The model that includes Because no parameters were fit to the diversity data, we do not need a model complexity penalty, but the difference in the number of parameters across models was in any case dwarfed by the differences in the likelihood scores. More broadly, because the model parameters were estimated entirely from experimental data on baculovirus infection rates (Supplemental Information), we are effectively carrying out cross-validation of the model.
The highly skewed distribution of nucleotide diversity apparent in our data can thus be explained by a model that allows for drift at multiple scales, and that includes multiple sources of drift within hosts, but not by simpler models. In addition, fig. 4 shows that the best model can reproduce entire distributions of diversity within individual hosts. Allele-frequency distributions in the model tend to have slightly shorter tails and narrower peaks compared to the data. These mild discrepancies may be partially explained by mutations that occurred during viral passaging or during library preparation, but they can also be explained by small biases introduced during the mapping of our short sequence reads to the reference genome (Supplemental Information). The data therefore do not reject the model.
Our data were collected at times of peak or near-peak gypsy moth densities, which are the only times at which large numbers of larvae can be collected easily, and so the data do not directly show how changes in pathogen population size at the host-population scale affect pathogen variation. We therefore used our best model to explore how pathogen variation within hosts will change over the course of the gypsy moth outbreak cycle. Within-host diversity is predicted to be highest just as the host population begins to crash due to the pathogen, after which diversity is predicted to gradually decline until the next outbreak ( fig. 5 ).
Reductions in within-host variation due to transmission bottlenecks and replicative drift are thus counter-balanced by increases in within-host variation at the time of host population peaks, due to the high frequency of multiple exposures when host populations are large. Long-term, population-scale processes can thus also strongly affect within-host variation.
Discussion
Our results show that a model that accounts for the effects of population processes at multiple scales can explain differences in pathogen variation across hosts in the gypsy moth baculovirus.
Models that simplify the effects of genetic drift by ignoring effects of transmission bottlenecks and replicative drift in contrast cannot explain the diversity of this pathogen.
A basic prediction of population genetics theory (Nagylaki 1992) , and a fundamental assumption of phylodynamic modeling (Grenfell et al. 2004) , is that the effects of genetic drift are determined by population processes. Explicit tests of this assumption for infectious diseases, however, are rare. By using a model that was developed and parameterized using non-genetic data, our work shows that patterns of diversity in an insect pathogen can be explained by a drift model that accounts for population processes at multiple scales, but not by models that simplify the effects of drift. Our work thus provides clear evidence of the importance of population processes in driving genetic drift in pathogens.
Models that invoke diversifying selection or host-specific immune selection might also provide reasonable explanations for our data, but such models are necessarily more complex than our model (Orr 1998) . For our data, a drift-only model provides a sufficient explanation, but for other data, models that include more complex mechanisms may be necessary. Given that polymorphism has been widely observed in insect baculoviruses (Chateigner et al. 2015; Hodgson et al. 2001) , our results suggest that baculoviruses present important opportunities for understanding the relationship between host-pathogen ecology and pathogen diversity.
We have shown that both population bottlenecks and replicative drift have detectable impacts on pathogen diversity. Due to the difficulty of separating these effects, previous studies of genetic drift have assumed that bottlenecks are complete (Ypma et al. 2013; Pennings et al. 2014; Klinkenberg et al. 2017) , or have ignored key features of biology such as the nonlinear effects of host immune systems (Leonard et al. 2017) , or have combined these sources of drift into a single parameter called effective population size N e (Volz et al. 2017) . Distinguishing between transmission bottlenecks and replicative drift, however, may provide novel insights into disease control strategies. For example, the emergence of resistance to antibiotic drugs might be slowed if drug therapy windows are restricted to periods when the effects of replicative drift are strongest.
Whole-genome sequencing technologies have revolutionized our ability to measure pathogen variation, and have therefore been used in the early detection of drug-resistance (Mideo et al. 2016) , in the discovery of novel viruses in nature (Lipkin and Anthony 2015) , and in the diagnosis of disease in clinical settings (Wilson et al. 2014) . Our work shows that whole-genome sequencing can also provide important insights into the ecology and evolution of host-pathogen interactions, especially when combined with nested disease models. The increasing availability of both parameterized models (Keeling and Rohani 2008) and genomic data (Hatherell et al. 2016) suggests that our approach of using genetic data to challenge models of nested disease dynamics may be widely applicable.
Data and Code Availability
All sequence data generated in this study are available through the Sequence Read Archive (SRA) of the National Center for Biotechnology Information (NCBI) under BioProject ID PRJNA386565.
All author-generated code used in this study is available from our GitHub repository:
https://github.com/dkenned1/KennedyDwyer. N g and the infectious cadaver population size Z g in generation g depend on host and pathogen population sizes in generation g − 1 and the disease dynamics in that generation. Moving up, the disease dynamics in generation g − 1 follow a stochastic "SEIR" model (Keeling and Rohani 2008) , such that a susceptible host S i becomes exposed to cadaver P k at rate ν i q, where ν i is the risk of exposure for host i and q is the probability of death given exposure, which arises from the within host virus dynamics. Similarly p(τ ), which is the probability of a host dying from virus infection at time τ post exposure, is determined by the dynamics of the pathogen within a host. q is related to p(τ ) in that q = Further details are in the Supplemental Information. Models that lack replicative drift assume that the frequency of a particular virus strain at time of death f l (τ ) is equal to the frequency of that strain immediately after the time of exposure f l (0). The model that lacks transmission bottlenecks assumes that the number of copies of a particular virus strain at the beginning of an infection x l (0) is equal to the total number of virus particles that invade the host l x l (0) times the relative frequency of that virus strain in the cadaver that caused exposure P l p Pp . virus strains in a cadaver that a host was exposed to at time 0. In the model, death occurs when the total number of virus particles within a host hits an upper threshold. To aid visualization, here we set the pathogen population size at host death to be 10 4 , as opposed to the more realistic value of 10 9 that we use when comparing our models to data. The time of death differs between simulations due to demographic stochasticity in virus growth, and in each simulation it is marked by a dotted, vertical line. Panels (D) and (E) show two realizations of our stochastic SEIR-type epizootic model starting from identical initial conditions. Note that the curves here show cadaver quantities, rather than virus particles as in panels (A)-(C). Epizootics are seeded by overwintered cadavers that infect emerging larvae. As these cadavers decay, total cadaver quantity drops to low levels, such that the pathogen population is almost entirely composed of virus particles inside living hosts. These hosts then die seeding future rounds of infections.
Panel (F) shows a realization of our between-generation pathogen model. The curves here denote the total number of virus-killed hosts in each generation. Note that the frequency of pathogen strains can drift over time, an effect that is particularly noticeable during troughs of infection. Year (B) Figure 5 
